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‘l”llC. SC:i StillC. bias ill illtill)CILX  IllCaSUICIllCIltS  Of SL%I S01 f:lCC
height have bc.cm illvc.stigatcd by n]ally authors, resulting in
scvcl-al proprmd  algorilhnls of the form SS11  x r3 1 where } I is
lhc significtiul  wave bcighl  (SWII)  and c. is a Iloll(litllcllsi{]llfil
function of wind tinct wave para[nctcrs.  All known al~mi(hnls
arc pmsmllly  ratmt. “1’hc  most popular, linear nmlcl  of k
follll r, = ;IO + a I U is shown 10 yield an inlJmwcnlc.nt over the
silllJ)lc.sl algclritl]lll with a conslallt  C. A tlI1-cc-IJaritlllclcr form
F = iio + a lU + az] 1 proctucc.s  even belle.r rcsulls. I lowcvcr,
(lK>. acculacy of Ihc polynomial mode.]s is below tha[ obtaincxl
with a tWJ()-J)iiralllCtCr, physically-bawd n]oclcl rdaling  C. to tbc.
i)sC.Ll(lo-~,ilvc-ii~(.  ~: F = M  ~-n~ . ‘J’hc & is c.slimatcd using

iil(itl]clrr  wind ~1 ;II)(I  ,SWII:  ~ = A(g Ii/l J)v wl]c.rc  A a]i(l v irlt!.
C(lllSlillltS. lly analyz,i[lg tllc pclforlllallcc of ctiffcrcnl Illcrdcls
V’C COIIC1 udc that furlhc.r progrcxs can bard] y bc. achic.vc.d  by
raising lhc. dcgrcc of IIm pOlyllO1lliill  for c(lJ,l I). I’llysically  -
base.d appmoclm  clnploying a small number of adjustable
paramc.lcrs  and the.orc.tically justified rlc)rl-dilllcrlsior]al
cml~bina[ions of cxtcmal wind and wave factors appear to bc
nlorc promising.

1. Introduction
‘I”hc sc.a state bias (SS1{)  is tbc diffcrcncc  bc[wccn  the.

illl~)al(>.llt 1)1 C.il Il SCW IC.VC,]  - as “SC,L?I)” byallaltinmlc.r-  and [hc
true mean sca kvct  - defined as the mean bcigllt  found by
avclaginr, IIIC. .sulfa cc. c.lcv alien flc.ld ovc.r the fmlprlnt ill”L!a,
w])jlc, u Ilunlt,cj- of algoriltlrijs  for the SS11  concclion have
bccm propose.d in rccmt years, thciractu~l pcrfcrrlnancc.under
realistic cwcan conditions has not been tcs(crt. More
itllp~rtiintly, the.rc: iscol~sidcrablc dis:igrccll~cl~t in the lilcraturc
as to thcf unctional  form in which SS}) is to besought. Most
o f  tlIC colltc.mporary  m o d e l s  assumic  SS11 to bc lincar]y
propol-tiona]  to SW]]. ‘1’hc proportionality cocfficicnt, c,
(inlmduccd by c.qua[ion (l)) is (allncrs[  lillcar]y) lClillC.(1 10 lhc
local wind. Atlcxcc.l)tioll isgivc.~l  byapl]ysic;illy-basccll  ll()clcl
[Glannan aldSrokosz,, 1991;1;uat~dCil:i~,rllal~,  IWl]which
itdicalcs  ttlilt, for~lohal  data, the SSll dcpcndcnccon  SWII is
weaker: at agivcnwind,  SSB isapproxinlatcly  proporliorlal to
tticsql)[trc rc,otof SWII,  olthollgll tllcv~i!ld spcc.dd c[)c.ndc~~cc
of llm IJr(~l>orlioll:llily  coefficient remains c]osc. to linear. ‘1’hc
tllcoly Sui:gcsls thal SSl\ is cm]lrollc,d primarily by lhc dcgrcc
Of tlm.w.:i (Jc.vcJol Mlkcnt  whichcan bccrll(lc,ly  clllalItific.(1  by two
llot]-clill]cllsio tlillI~:ll[lr]]  ctci-s” - thcwavcagc  and thcrii[ioofthc
wind fclch 10 tlic intrinsic inner scale of the. gravily w:ivc.
turbulcncc, 1’~aCliciil ill)plcftlcllt:ltioll of this model requires
c.xprcssing  these filCtO1”S  in tcrlns of lhc sate.llilc-rcpor(c.d
quanli[ics - wind spc.cxl and SW}], which is not always
possible. ‘1’bus, the. cctl(riil issue addrcssc.d  by tl,c. prcscnl vmk
is the forln in wrhicb the SS1;  corJcction  should bc. sought i]r](l
lilllilations of the prr.sent paradigm.

A dr.[:iilc.ddcscriptiol]  ofthccx~>clirl~cl~t:ll aJ)proach and the
)csultsof  this work arc: provided in [c]lamlancl  al,, 1993].

2. Scfi s(ritc M;is nml ik gcopl]ysicd  IIIodcJ functio]l
‘1’hc SS11 is usually sought in the forln

l)=F II (1)

whcrcf. isa I)o]]-di[l]cllsio]]iil  coefficient v:irying f(onl 0.01 to
0.06- as follows from a large numtrcr of studies, and 1 I is the
sigllificiint  wave height (usually dcnotcci M }11/~). I’his fon[l
hasathccmticalbmi  s[Jackrn, 1979],  [Cil:tzll~:il] :irl(l Srok(lsr.,
1991]. “1’hc.  tlICOIy iilso prcdic(s  tl]iit C, w}licll  ilCCOLllllS for
botl]tllcdis(or(iorl”  of thclctum  pulscshapcand  (Ilcdctayin
lhc pulse rcluru, is a funclion of tllc wave agc & and of the ralio
oftllc  itltrillsic  sLlrkcc Illicroscalc,  11, t()ttlc will(lfclcll, X.

c. , l;(g, h/x) ,
WIIC1 c

(2)

~ z [’0/[1 (3)
U is the lman wind above the sca surface, Q is Ihc phase
VC.10Ci(y  Of tllC (Iotlljllill)t (SJICC(l’tll  pC;lk) V.’iiVCS.  I’alalllCtCl’  tl
h:is been inlloduccd callicr [Gla7.IIIan, 1986]. Its c.slit]]alc fm
dcvclopcd seas [GlamIan  and Wcichman, 1989] is iibotlt 0.5
in. Under fiddilional  assumptions, dc.lailcd in srclion 8 of
[(iii]?.rliar) and Sroko.w, 1991], the dcpcndcncc of c on h/X
can bc. foregone.: implyil)g llIal h/X irl (?) can bc lcl Jlaccd by a
col)sttln~  (undcrs(ood  as the. avcmgc <h/X> r~..I]rc>.scll[:ilivc  of
thC global datil Set) OI)C  is ICft with f. == 1 ‘(~).  Since lhC EIC(LI;I1
wind fctc}l is usually unknown (and J~oorly dcfilml), this
silnplificatirm  is of great practical value, Specifically, Lllc SS1{
ccrc.fficicrlt  C Cilll I)C appl oxinl~(cd  by

c. =. M&~I, (4)
whc.rc.  M and m a]c co]]sti~t)ts [CilaZ,IIIaII  i]t]d Srokosz., 1991 ],
[N] and Glaman, 1991]. Relationship (4) is highly uscfu]
bccausc, undc.r idealized scii conditions, ~ can k cstilllatcd
give.n the nlc.an wind and tbc. significant wave height [Ghim)an
cl al. 1988] from al[inlckr  nwlsurcrncnts:

& L A(g11/lJ2)V (5)

l’aramctcrs  A and v llavc. bccll dctc.rlnincd  theoretically
[GlaY.Inan  and Srokmz, 1991] as well as cxJ>critllcntally
[Gl:LmIan and l’ilorz,, 1990]: A .= 3.21, v = 0.31. Whc.n  the sca
conditions arc nlorc complicatcct  than those required for a
rigorous juslificaticm  of (5), the latter should bc. vic.wcd as an
(/[1 hoc funclion w h o s e .  rclcvancc.  is to bc tcstcrt b y
observations. lk]UiltiOIl (5) lhcn provide.s a lncasurc of ml
dcvcloplllcnl which slmuld k appropriak.]y  called the “psc.udo
wave. age” [I;u and Glam~atI, 199]].  Based on laIgc anloutlts
of diita, this (Juiil]tity  bas been sbow~n to bc Jmlctical]y ust~ful.
and radiir return has bcc.n found to dcpc.ld On & in i( fashion
consistent with tlm theoretical prcdictirrns [Glaman  and
l’ilor/, 1 990].

Aircraft ami tower-hascd radar cxpc.rimcllls have suggested
tbal, for a givcu radar fw.quc.ncy,  c. can bc sou~,bt as a function
of (J [Omy c1 al., 1984], [Walsh ct al., 1984, 1991] or of (J and
111/~ [Melville c.t al., 1991]. ‘1’hc  Corlcsponditlg c[ll~)irical

Idilti(mships hilVC  bc~n sought in the form:



c = ao + a]ui a?ll (6)
Since. l] is usLIall  y c.sti mated tmc(l on lIIC radar cross sc.c(ion
Go, an irlkmalivc  fm in

f. = rr~ -1 al/cr02 + a?]] (7)
l)iis alSO bc~.1)  pr(Jposc.d  \ Melville Cl til., 1991].  ltckllimmllil)
(6) with a2L O is supporkxt  by irclual sate.llitc (ta[a - as] CIKMWI
by Ray aild Kohlinsky [1991]. Itmpirical cocfflcicllls all
lc'l~(~rlr.clh  ydiffc.rt:lllt  illlll(Jls:  lrcstlrllrllarizcclill  l':illlc 1.

Of COUI-SC,  cquatimm (6) and (7) arc physically nw.allin~lcss,
unless pal-amctc.rs ;lllc:lllbr.il}lcr})r~’lcd  in tc.rms  of appropriak
dilnc.nsional  quirntiticso II turllsoutthatstrch a physically-
bascd illlcrl~rct:tlior] is possihk,  for cxampk - by using (4) and
(5). O1lccaTla  I,~,roxill~:itc(4 )a1]d(5)t)y”

r= lr(t),}])L CO+ c]LI+  q]]+  q[ll]+ c41J2+ C5}12+ . . . (8)

w’llrr~.clilllc.llsiol]:il coc.fflcic.r]ts  cl) can bc, founrl frol)l a’1’aylor
series expansion of ll’(&(U,l  I)) about sornc (moan) values of IJ
:ind 11. Such an c.xcrci.sc would inmcdiatcty ctcnmnsli-a(c. thal:
(i) cqualioll (6) must include additional tcmns in mdcr 10
paranlclriyc.  the dcpcndc.nm of c otl sc.a cundiliom for” a
su fficicntl y wide, riltlgc of sca s[ak.s, and (ii) t})c cocflicic.nts of
c.xlml]sioll, hcing funclions of the. mean U and }1, dcpctld on
lhc choice of llIC.SC  Inc.an ValLICX. ‘] ’hcrcforc,  W]KV)  (tctcmllincd
cln~jil-ic:illy, the. cocfficicnls  ail in thcGMl:s  (6) and (8) will
d i f f e r  alllollg diffcmrt invc.stigators,  rrnlc.ss s u c h  a
clclcrlllirl:lli(~rl is based on a global data set rcprcscultirlg a
slatislical]y faithful san]plcof all possiblcsc.a  slate.s.

3. l;xl)eriI]lCl]tal  procdurc
‘1’k cx[mr-irncrllal  app] each inlplcrrrcnkd  in lim prc.scnl wurk

is similar to that of [l]orn  et al., 1982] and [l~u and r31anrran,
1991]:  vmscck an optimal dc.pcndcncccrf SS}1  on wind-wave
charackrisrics by nlinimiz.ing the totiIl wiriancc <(A~)2> of all
s c a  Icvc.1 incrcmc.rlts  calcula(cci for gcogrtiphic }wints o f
inkrcst. lrlcorltrus(t otlt~:p rcvioLlsv’ork,wc  shall” usclargc,
scls of poirlls ullifol-rrlly  cove.ring, an occ.irn rrrc.a,  i.e., S:inlplc.d
from many salcllitcpasscs. Onc parl c~f thctolal  wrriancc,
dcnomt try <(AI~~>,  which is duc to SS11,  is statistically
dcpcrlc!clltor  ~w)illtl-w~tivcckr  aracteristics. Iirnpirica lvalucscrf
M and m in (4) (or of rrll irl (6)) aw thus founci  by n~illirllizing
<( A~)?> iis ii function  Uf tlICSC  parmc.tcrs.

Using 2.5 yct\ls'wc )rlllofG c.()saLall irllctc.rot]  scrvati0rls, WC.
ilssCn]blc.d 20 ~lobill d~itil SUIISCIS  cornposcd  of 103 p o i n t s
c.ach, providing uniforll] Rlobal covcragc. ‘1’hc statistically
si~nifjcanl crplilllat ll]odc.1 paranlctcrs  for global aJ]pliCil(iollS
vwrc crbtaincd as avclragc.s  over thc20  ~lobal subsets. “1’0 tcsl
the.sc.piirilrr)ctc.rsirnd toc.(Jrr~I>:lr(’.t llcglot>:il  SS11 model totl)c
(Jllwr  rnwtcls,  WC lrllilllilk’.ty  Crcalcd three. irl(ic~wl(lctll SUbSCtS
Of glob:ll dillil, CilCll ColllI)OSCd”  of Up (0400” poinls  wtrich h:ld
not bcwrr usc.d in the derivation of lhc rncrdct paranm(crs.  l;or
tllc.sc lt~lccs Lll~sc.ls\  \~ccstirl~atc.d<( At~)2>l~ forall  algorithms
under Cc)llsi(lc.rtltic)r].

‘J’k only quantitative lllCilSUIC. of ilnprovcrncnt  crf altirnctcr
IImsurcnw.nls  wbicll can hc. rrsscsscd based on salcllitc dala
iilor]c is Ihc ]]~c.iln squared dccrc.rncnt  <(A II)?> by wdlich the.
lola] ~.ii lC.VCI viiriancc<(A~)?>  is rc.ducwd  owing tothc SS}1
comwlion:  the greater lhis dc.crcmcnt, tlm bctlcr lk rnodc.1
IWI forllmllcc. “l’tic square ruot of this quatlti[y, calkxt hc.rc the
“ilccllr:lcygi  iit~,’’is  r~:l)clr~c:clir  I’1’ahlc  1 for all tllgori~llrllstcslcd
irlcltlclir~g tl]cc~]](irl~iz.c.d algorithrnsbascd  on (6). 1[ has bcm
ohtililr:iS llic. av(’.r:igc  c)vL:r(llc  tllrcr. lc.stsLltJsc.ls.

A SS1{ rnodcl catr bc dcclarcd  successful mlly if i( reduces
llIC t(llill VilliilIICC of SCil lCVC1  irlcrcmcnls  b y  a n  itlllollnl

c.xccc.ding  tl)ii( rcsulling  f r o m  (I)c  sitrlp]cst  shlndard  ]no(lcl
Ssll: iro$ 11. ‘1’here.fore, W’C i)lSC) CStillliltCd  lhC ol)lirnal
corls(iint c. = ao for c.ach daIa subsc.[  and the cor-mponding
accuracy ~ain <( AI]) ’b,  rcpork.d in ‘1’abk  1.

4. Alliilysis  ~ftllcrcsillts
1. l;xisting  SS11 mode.ls
Gmlparing the ilCCUlaCy gains in the last column of l’ab]c. 1,

wc find that the brst pcr~ormancc  tlrllong :111 existing SS}1
r~~(~(lclsisacllic}r~:(l  bytllc.  w,avc-:l~c-t):isc(l nl(~(lcl (4)-(5). All
tbrcc algoritbrrls  A, 11 and C: propmcd  by Mc.lvi]lc ct a]. -
C(lUilliorlS (6) and (7) will] the cocfficirmts  lislcd in ‘1’ahlc 1 -
lc.ad to an incrca.sctathc.r  lhiln adc.crcascin  tl\c. totiil wriancc.
crfsurfiicc.height incrcnlc.nls <(A~)?>.  ‘1’t]cGMf~proI)osccl”  by
Walsh ct al. [1991] docsinlpr-ovc  thcaccuracy(~f  sciilcvcl
nlcasurcr[mnts  i n  c(mlparison  to (hat Wi(hout any SS})
rxrmxtkm. Ilowc.wr,  the. in~provcrncnt  is marg,inal.  A better
rwsult is il~hicvcd try the l{ay-Koblinsky  rnodcl,  probably
bccausc the model parallic(crs have bcm tuned based on ~lobi~l
sate.llilc ObsCrviltions. Ilowcvcr,  the accuracy gain is slill
bc.low  tha[ d)tiiinc.d  wi(h a constant F..

“I’t~c. ;lc.cilriicyg  iijl}of ]gc.rll c(lrjcsJJ(Jl~dirlg tcl F: aO=().()]8
can bc viewed M the benchmark to bc surpassc.d by any
l)laCtiCillly ll.Vflll algorilhrn. 11 i.sdifficult at lhclucxcnt tirnc
10 indicate the Inaxirnunl  accuracy again that would hc
irchic.vcd by lIIC “pc.lfcct” algrrrithr]l, illtllOUglr  il is CICil I ltla(
the.2.5ciri acllic.~,c.(l bytw,olllo(lcls-”  (4) and (6) - knot  Ihc
lin]it to the irnprovcnlcrit. “1’hC facl ttlill lhc. oplitllimd rnmtcl
pitrilrllc.tc[s, M=().()26:rllcl In=().56, found in tl~c~~r~..scllt~~,olk
for c.quilti~n  (4) have. not yielded an iippr~:citlb]c incrcasc of the
global  accuracy (will) respect to the accuracy giiin ohtaitmd
usil~g IIIC. lju i]I]d Gltix,ll)iin paritmc,tc.rs) irldicatcs  that n]udcl
(4)isrohust  al~(lcar~bc,  rccotlirlicrl(lc(l forglob:lt ap[,licatic,rls.

2. ~rili(jllc ofl}olyll(]rrliirlr  llo(lcls.”
Chnparing  the thnx line.ar rnodds base.d on (6) and analymd

ir) ‘l”ab]c  1 ,  mm firlds tlriil c.vcn ttlc. mosl  corllplc.(c.,  lhrcc-
p:iranlclcr-, vers ion of  (6) is Icss accurfilc ttli{ll lhc two-
I,ararllc.[c.r  rllo(jcl (4). J{c.lncrl]t~c.rirlg  lIIC con~rmxlls rr~adc in
sc.clion 2, this conclusion is nol uncxpmlc.d. Mmc.ovc.r, the
cxpcrilnc. nls rcpnricd  in “1’able 1 confil-m thal cxpl-cssims  like
(6) lc.prcscr)l  ii CrLldC  approxinlirtion  10 a pt)ysic:tlly-t)  :is~.(1
lc,laliorlsl]ip (4). IIldr.c.d,  lIIC lwgalivc.values of il? a~~l)c.arillg ir]
‘J’able 1 can bc ob[aincd  by cxparrding  (4),(5) in pmvcrs  of (1 1-
<11>). Onc Jliigllt try 10 Ol)lilill a bctlcr [I[)llr(lxilllillioll by
including higt]c.r-ol-dc,r  terms - irs sh(nvn  in (8). IImvc.vcr,
such an aJilmach  is unlikely to succccd: each additional term
requires a n  additic)na]  crnpirical  parallictcr  w h o s e
determination rcprcscntsa  forll~idablcr)roblcrl~.  Wcbclicvc
[I)iilrllorc:p roglctsscilrl  bcachicvcd bylrsitlg [)llysic:illy-b:isc{i
rrmdcls  which would nmrc. fully account for the. factors of sca
sur-face’s Slillislical  gcrrmctry, for instance. thC ltlCol’CtiCill
mode.1 (2) ill UStt’iilC.d in l;igurc 8 of [(31rrmlilrl irnd Srokos7,
1991].

5. Cmlclusions
Our analysis of rcgirrnal SS1{  variations shmvcd thal lhc

actual SS11  variability is greater than what woLIld hcobtaimd
biisCd (m the predictions of the. global CiMI1s. l{c.spcclivcly,
the.rnaximutn accuriicy gainof  2. SScl~~rt~.por(cdi  ]I’J’at~lc 1 is
probably far bc.lcrw  the actual, physically-based Iirni[.

l’urthc.r proglcss it, SS1{  rr~odclirrg can hi]rdly bc achicvcd by
inc reas ing  t he  nurnbcr of tcrrns in polynonlial  CiMII’s.
‘1’hcorctica]ly  j u s t i f i e d  rnodc]s crnploying,  nlc.arlingfrrl
combinations of external paramc.tc.rs appear to k mcrrc
pl-ornising. ‘1’tm pscudu  wave agc is mm such cmnhina[iorr.
]Icrwc.vcr, according to both (he. theory  and thcprcscnt  data,
this pararuc.lcr amounts for only a part of the total SS11
variability. As an additional relevant pararnclcr,  oncnlaylry
tousc.  tllc''gcrlc.ralizc(i  v~iIlci fctctl'' (lc.fil\c.dby(l  5). IIowcvcr,
iin additional c. ffort  is nccdcd to c.slahlish its usc.fulnc.ss  :is a
nmasurc  of the actual gccrrnctric fetch. I’ossib]y,  srrmc
irdditional in fonnaticm, for i(lstilrlcc. wind n)aps based cm
satellite. scattcromctry  or/and c.haractcristic lcrlglhs of
dorninarlt  surfiic~ gravity wave.s avail:iblc from SAIL lr~ight bc
of hc]p.



l’lacliwl c.slin)ation of SS11  based on siilcllilc.-s~ll]l)lic(l  Ltalti
has inl[-insic linlilations. lu particular, wind sped and SW] I
(1[J 1101 nc.ccssuril y J)l-ovidc a sufficicn(  scl of [I;II  tIIIlc.lc.Is  fl-(~lll
which 10 infer the actual gcrirnctrical propcrlics of a randoril
sca surface. responsible for SS}1. ‘I”hc theory underlying lhc
mock] (2)-(5) is bi~hly  idwrlimd  and may bc. inirrfcquak  in
ccr~ain situations. l’hc prcsc.nt analysis of rc.gional SS1)
v:irla[irms.  as WC.]]  as the atmvc nlc.ntirrncd wcmk by crthc.r
authors, illdicatc. that our undcrslandin~  of physical
nlrchanistl)s  rcsponsibk for SS1{ is incrrmplclc:  wc c:ltltlot
lx)illt cxaclly al all possible causes of SS1;  variations.
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.No!aticm:
h4(91]:  h4clvillc c.t al. [1991]; W[tM] and [91]: Walsh ct til. [1984]  a[Kl [1991]; R&K
[91]: Ray and Koblinsky  [ 1991]; 1’(; [91]: coefficients :io :ind iil arc, to bc undc.rstood  as
M and m in c<]. (4) for Gh41~ of [I~U and Glaz,ll):irl,  ]99]]; “1 ,incar v.ind”: c4]. (6) v,,jth a2 u
() i!l)d Cocfficicllts ao :in(i al rrptilllizcd lls dcscrit,cd  in sc~,(ion 5. “1 ,illc,ar S\\r]I” : c,q. (6)
with il ] : (), atid il(j  and a2 oplifni?,cd as dCSClitJCd  in scclion 5. “1 ,incar wir)d  and SVJII”  :
C.(](6) will) iill three cocfficicrlts  o~llinlin:d.  “lhc.sc.llt” : ~c.(]. (4) wi[h  paiiil]]c.tc.rs M ii]](l m
refined iiS dcsct ibc.d in Scctioll 5. IIl:illk cc.lls for tllc valuCs of ii] and ;i~ signify tli:ll the
c(]l[~’.s~)oliclirlg  terms arc dropped iri a givctt GM] ~.


